mTOR is a central regulator of cellular growth and metabolism. Using metabolic profiling and numerous small-molecule probes, we investigated whether mTOR affects immediate control over cellular metabolism by posttranslational mechanisms. Inhibiting the FKBP12/rapamycin-sensitive subset of mTOR functions in leukemic cells enhanced aerobic glycolysis and decreased uncoupled mitochondrial respiration within 25 min. mTOR is in a complex with the mitochondrial outer-membrane protein Bcl-xl and VDAC1. Bcl-xl, but not VDAC1, is a kinase substrate for mTOR in vitro, and mTOR regulates the association of Bcl-xl with mTOR. Inhibition of mTOR not only enhances aerobic glycolysis, but also induces a state of increased dependence on aerobic glycolysis in leukemic cells, as shown by the synergy between the glycolytic inhibitor 2-deoxyglucose and rapamycin in decreasing cell viability.
TOR functions as a multichannel processor in a cellular nutrient-sensing network by receiving multiple inputs derived from distinct environmental cues and directing different outputs to appropriate downstream effectors. Upstream regulators of mTOR are primarily mitogens, nutrients, and energy (1) . mTOR exists in 2 separate protein complexes: the mitogen-, nutrient-, and rapamycin-sensitive mTOR complex 1 (mTORC1) and the mitogen-sensitive and nutrient-and rapamycin-insensitive mTORC2 (2) . mTOR regulates key cellular processes, including mRNA translation, ribosome biogenesis, autophagy, and metabolism. The most extensively studied targets of mTOR are the translation regulators S6K1 and 4E-BP1 (3) . Yeast cells treated with rapamycin mount an immediate (within 20 min) and widespread transcriptional response that results in metabolic reprogramming characteristic of the diauxic shift (4) . Mammalian cells do not display an immediate and widespread transcriptional response to mTOR inhibition by rapamycin (5) . Inhibition of mTORC1 using either rapamycin or RNA-mediated interference of proteins involved in the signaling network decreases mitochondrial respiration and levels of fully uncoupled respiration, independent of S6K1 and 4EBP1 (6) . Recently, rapamycin was reported to decrease the transcription of genes involved in mitochondrial oxidative function by disrupting a complex involving TORC1, YY1, and PGC-1␣, thereby preventing the coactivation of YY1 by PGC-1␣ (7) . The authors suggested this transcriptional mechanism as the means by which mTOR controls mitochondrial function; however, treatment with rapamycin does not result in decreased mitochondrial content (6) even after 8 h.
Here we describe an immediate change in mitochondrial function following the inhibition of mTOR. Using global physiological profiling, we show that inhibition of mTOR has immediate effects on carbon and mitochondrial metabolism in a leukemic cell line. Rapamycin-treated leukemic cells display reduced mitochondrial function, resulting in energy production via enhanced aerobic glycolysis in preference over mitochondrial respiration. We discovered that the mTOR-mediated control of mitochondrial metabolism occurs via a complex comprising Bcl-xl and VDAC1 at the mitochondrial outer membrane.
Results and Discussion
Inhibition of mTOR by rapamycin decreased oxygen consumption and mitochondrial capacity (as determined by adding a mitochondrial uncoupler immediately after treatment with rapamycin) of Jurkat cells within 30 min (Fig. 1B) . The rapamycininduced decrease in oxygen consumption persisted even when cells were cotreated with the transcriptional inhibitor actinomycin D (Fig. 1 A) , indicating that this effect did not require transcription. Pyruvate, the end product of glycolysis, can be converted either into acetyl CoA by mitochondrial pyruvate dehydrogenase or into lactate by cytoplasmic lactate dehydrogenase. Inhibition of mTOR by rapamycin increased lactate production in Jurkat cells within 25 min (Fig. 1C) . We observed no significant changes in glucose consumption at this time point.
We next measured the global changes in relative levels of intracellular metabolites after a 25-min treatment of Jurkat cells with rapamycin. This time point was selected for 2 reasons: (i) after 25 min, cellular responses to mTOR inhibition should still be largely independent of transcriptional or translational effects, and (ii) this was the shortest feasible time point given our experimental methods. The measurement of relative levels of 197 intracellular small-molecule metabolites provided a global snapshot of the physiological status of rapamycin-treated cells. Table 1 lists the metabolites that changed significantly after the 25-min treatment.
In agreement with the hypothesis that inhibition of mTOR shifts glucose metabolism away from mitochondrial respiration, we observed an immediate buildup of intracellular lactic acid. This was accompanied by an accumulation of monophosphorylated carbohydrates (glucose and fructose-6 phosphate), including ribose-5-phosphate, which is an intermediate in the glycolysis-derived pentose-phosphate pathway. Of the other glucose metabolites measured, we found a decrease in the relative levels of UDP-glucose, an intermediate in glycogen synthesis, and a general increase in levels of ribonucleotides, including ATP and ADP. We found decreased levels of all 6 mitochondrially metabolized organic acids measured following the inhibition of mTOR. Five of these are tri-carboxylic acid (TCA) cycle intermediates; the other, orotic acid, is synthesized in the mitochondria during purine metabolism. This striking decrease in mitochondrial organic acids, in conjunction with diminished oxygen consumption, is indicative of a decrease in mitochondrial metabolism. We noted an accumulation of acetyl CoA and malonyl CoA, which are substrates for lipid synthesis, along with a 55% increase in the relative level of glycerol, which results from the hydrolysis of lipid esters.
Among the amino acids, arginine showed the largest relative increase (42.2%) in intracellular pools. The other amino acids demonstrating significant increases were phenylalanine, histidine, leucine/isoleucine, tyrosine, proline, methionine, valine, and tryptophan. Asparagine showed the greatest decrease in relative levels (31.3%), and threonine and serine decreased by Ͻ10%. We believe that the observed increases in intracellular levels of certain amino acids following the inhibition of mTOR may be due largely to amino acid uptake via transporters, rather than to anabolic processes. Rapamycin has been reported to increase the influx of arginine into endothelial cells (8) . It is noteworthy that the amino acids that were enhanced in response to mTOR inhibition can yield TCA cycle intermediates following the catabolism of their carbon skeletons (ie, arginine, histidine, and proline, yielding ␣-ketoglutarate; isoleucine, methionine, and valine, yielding succinyl-CoA; phenylalanine and tyrosine, yielding fumarate). These amino acids can replenish depleted levels of TCA cycle intermediates through the process of anaplerosis. Overall, the profile indicates an immediate and profound change in cellular metabolism caused by inhibition of the FKBP12/rapamycin-sensitive functions of mTOR, consistent with enhanced aerobic glycolysis.
We observed a synergistic interaction between inhibitors of glycolysis and mTOR in leukemic cells. The striking synergy between the glycolytic inhibitor 2-deoxyglucose (2DG) and rapamycin, as demonstrated by combination index (CI) values (9) significantly below 0.5 ( Table 2 ), suggests that inhibition of mTOR in leukemia cells causes an increased dependence on glycolytic metabolism. These insights suggest that the use of small-molecule probes having activities that strongly distinguish different types of cancers (e.g., the bioenergetic-classifying ATP synthase inhibitors), along with an increased understanding of the bioenergetics of cancers in general, may be useful in identifying cancers that are especially sensitive to mTOR-and other bioenergetics-targeting drugs, and in developing effective combinations of drugs that individually affect cancer metabolism.
The rapamycin-induced increase in lactate production and decrease in uncoupled respiration without detectable change in mitochondrial content led us to hypothesize that inhibiting mTOR diverts the metabolism of pyruvate away from the mitochondria by exerting control over the mitochondrial substrate availability. We investigated this by inhibiting VDAC proteins, which are situated in the outer mitochondrial membrane and are known to be key mediators of substrate transport into the mitochondria (10) . We reasoned that if rapamycin affects substrate availability, then a global metabolic profile of VDAC inhibition might recapitulate important aspects of the rapamycin profile. Thus, we measured the global metabolic response of VDAC inhibition by treating Jurkat cells with the small molecule erastin for 25 min, the same treatment period we Jurkat cells were treated with 100 nM rapamycin for 25 min. Intracellular metabolites were extracted and profiled using LC-MS/MS. The percent changes in relative levels of peak areas of metabolites that differed significantly (P Ͻ 0.05) after rapamycin treatment are displayed. Profiling experiments were performed in 5 biological replicates. Bold indicates an increase, and italic indicates a decrease, in relative levels.
used for rapamycin. Erastin, a cell-permeable inhibitor of VDAC2 (11) , has been used to study the immediate effects of perturbing mitochondrial outer membrane permeability. (A cell-permeable inhibitor, VDAC1, remains to be discovered.) Comparing the metabolic profiles of erastin and rapamycin perturbations reveals that erastin-mediated VDAC inhibition reproduces key facets of rapamycin-mediated mTOR inhibition, such as increases in the relative intracellular levels of lactate, glycerol, and upstream glycolytic intermediates (Fig. S1 A and  B) . The erastin treatment led to decreased levels of the TCA cycle intermediates succinic, fumaric, and malic acid. These results suggest that inhibition of substrate availability leads to the nonmitochondrial metabolism of pyruvate into lactate and the resulting accumulation of glycolytic intermediates, similar to rapamycin.
It has been previously demonstrated that mTOR colocalizes with the outer membrane of the mitochondria (12) . The mechanism by which mTOR is targeted to the mitochondria is unclear. A member of the FK506-binding family of proteins, FKBP38, binds directly to the FRB domain of mTOR (13) . FKBP38 is localized on the mitochondria and has been shown to anchor proteins like Bcl2 and Bcl-xl to this organelle (14) . The FKBP38-mTOR interaction is not thought to be involved in the Rheb protein-mediated activation of mTOR (15, 16) . mTOR might possibly be localized to the mitochondria via an FKBP38-mediated anchoring mechanism. The upstream signals to mitochondrial mTOR merit further investigation. mTOR has been demonstrated to be sensitive to mitochondrial dysfunction (12) . Localization of mTOR to the mitochondria might directly sensitize the activity of mTOR to the redox status of the cell. Another signal to mitochondrial mTOR might be through the AMP-dependent protein kinase, an important sensor of energy in cells. AMPK is known to activate TSC2 (via the tumor suppressor LKB1) and to inhibit mTOR (17) .
We investigated whether mTOR is in complex with key proteins that mediate substrate availability at the mitochondrial outer membrane, and found that mTOR coimmunoprecipitates with the outer mitochondrial membrane proteins VDAC1 and Bcl-xl ( Fig. 2A) . Bcl-xl, a key mediator of mitochondrial function and cellular apoptosis has been shown to bind to VDAC1 and to increase substrate permeability (18, 19) . We explored whether these 2 proteins serve as kinase substrates for mTOR and discovered that Bcl-xl, but not VDAC1, is phosphorylated by mTOR in vitro (Fig. 2 B and C) . Bcl-xl function has been shown to be sensitive to its phosphorylation state (20, 21) . Phosphorylation of the serine-62 residue on Bcl-xl was recently shown to be a key regulator of Bcl-xl activity (21) , but the immediate upstream kinase responsible for this phosphorylation remains mysterious. We found that Bcl-xl serine 62 was one of the sites phosphorylated by mTOR in vitro (Fig. 2B) , suggesting that mTOR might be an important and direct modulator of Bcl-xl function in vivo.
The treatment of cells with rapamycin also caused the dissociation of mTOR from Bcl-xl (Fig. 2 A) . mTOR also might mediate its function via other members of the Bcl protein family; this requires further investigation. We tested whether the inhibition of Bcl proteins, like the inhibition of mTOR by rapamycin, also would result in an immediate decrease in mitochondrial respiration. This investigation was feasible by small-molecule perturbation using the small molecule ABT-263, a potent inhibitor of protein-protein interactions involving Bcl proteins (22) . ABT-263 at 100 nM immediately inhibited mitochondrial respiration by 30% (Fig. 2D) , indicating that, like rapamycin, ABT-263 has an immediate effect on mitochondrial function. We next tested the effect of rapamycin on mitochondrial respiration in cells overexpressing either Bcl-xl protein or GFP. Cells overexpressing Bcl-xl were less sensitive to rapamycin-induced inhibition of respiration even after 8 h of rapamycin treatment (Fig. 2E) ; thus, we hypothesize that mTOR controls mitochondrial metabolism in a Bcl-xl-dependent fashion.
In summary, we have identified a mitochondrial mTOR complex that appears to function as a cellular switch regulating The synergy of glycolytic inhibitor 2-deoxyglucose with rapamycin was measured by calculating the CI of various cotreatments. A CI Ͻ 1 indicates synergy.
Fig. 2. mTOR affects mitochondrial metabolism via a complex with Bcl-xl. (A)
Bcl-xl interacts with mTOR and VDAC1. Interaction of Bcl-xl with mTOR was decreased by treatment with rapamycin. (B) An in vitro kinase assay was performed using recombinant purified mTOR and Bcl-xl proteins and ␥P32-labeled ATP. Bcl-xl was detected using a Ponceau stain, and the phosphorylated serine 62 on Bcl-xl was detected using an antibody. (C) mTOR-mediated phosphorylation of Bcl-xl was monitored using recombinant, purified Bcl-xl protein at indicated concentrations, using an ATP-coupled luminescence assay, with 100 ng of mTOR protein used per reaction. (D) Jurkat cells were treated with rapamycin and ABT-263 at indicated concentrations, and oxygen consumption was measured. (E) Jurkat cells overexpressing either GFP or Bcl-xl were treated with DMSO vehicle or rapamycin, and oxygen consumption was measured. * , P Ͻ .05. All experiments were preformed in biological triplicate.
glycolytic and respiratory metabolism. Inhibiting mTOR, which is now the basis of treatment of certain cancers, enhances aerobic glycolysis and induces a state of increased dependence on aerobic glycolysis in leukemic cells.
Materials and Methods
Metabolic Measurements. Jurkat (clone E6 -1) T cell leukemic cells were purchased from ATCC and were treated with 40 nM rapamycin (LC Laboratories), 7.3 M erastin, or 100 nM ABT-263. Cells were filtered of growth media and washed twice with 50 mL of ice-cold PBS. Intracellular metabolites were extracted using 1 mL of 80% methanol/20% water and dried under nitrogen. The metabolite extracts were reconstituted in 100 L of deionized water, and the relative levels of metabolites were measured by liquid chromatographymass spectrometry (LC-MS) as described previously (23) . The experiments were preformed in 5 biological replicates. The oxygen consumption of Jurkat cells was measured using a BD Biosciences oxygen biosensor system as described previously (6) . Relative levels of extracellular lactate were measured using the Amplex Red kit (Invitrogen).
Immunoprecipitation and SDS/PAGE Analysis. Cells were lysed with RIPA buffer (Pierce Biotechnology), containing 1 mM DTT and protease inhibitor mixture, for 30 min at 4°C. From the cell extract, an anti-mTOR antibody (Cell Signal, no. 2972) was used for immunoprecipitation. Antibodies against Bclxl, VDAC1, and mTOR were obtained from Cell Signal. The antibody against phosphorylated serine 62 was purchased from Abcam. The immune complex was resolved using 4%-12% SDS/PAGE. DNA Constructs and Electroporation. Bcl-xl and GFP expression constructs were obtained from Dr. Tim Chambers (17) . The electroporation of Jurkat cells was performed with an Amaxa electroporation kit, using cell line-specific protocols optimized by the manufacturer. GFP transfection experiments were performed in duplicate, and the efficiency of transfection was estimated to be Ϸ65%. mTOR Kinase Assay. Recombinantly purified, active mTOR protein was purchased from Millipore. The radiolabeled ATP-based kinase assay protocol was performed as described previously (3). For luminescence-based assays, the kinase assay was performed without the use of radiolabeled ATP. The Kinase Glo kit (Promega) was used to quantitate the kinasedependent depletion of ATP.
Synergy Analysis. Jurkat cells were treated with varying combinations of rapamycin and glycolytic inhibitors for 48 h, and intracellular ATP levels were measured using a kit purchased from Promega. The synergy calculations were performed using Calcusyn software (Biosoft).
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